A 1794-bp cDNA fragment was amplified from mRNA isolated from pear (Pyrus pyrifolia NaKai. Cuiguan) leaves by using primers based on the sequences generated during the analysis of the pear transcriptome. The 597-amino acid sequence encoded by the cDNA was compared with the sequences in GenBank, and it was found to be similar to that of members of the sucrose-proton cotransporter family. The hydrophobic protein, which was predicted to have 11 transmembrane domains, was designated as PpSUT2. Realtime fluorescent quantitative polymerase chain reaction analysis indicated the accumulation of PpSUT2 mRNA throughout the plant, with the highest levels in the buds. Analysis of the expression of PpSUT2 during fruit development showed that the abundance of its transcripts increased at the end of April and then decreased to the lowest level at the end of July. Subcellular localization studies with the pCXDG vector as a probe demonstrated that PpSUT2 localized to cell membranes. An expression vector was constructed by inserting the PpSUT2 cDNA into pET32(a), and the vector was expressed in Escherichia coli (strain BL21) after induction with 1 mM isopropyl b-d-1-thiogalactopyranoside at 25°C. Analysis using sodium dodecyl 
ABSTRACT.
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INTRODUCTION
Sugars, which are synthesized during photosynthesis, are essential for plant growth and development. The type and composition of sugars in fruit have a considerable impact on their sweetness and flavor (Tao et al., 2010) . The three major soluble sugars in pear fruit are sucrose, glucose, and fructose (Forney and Breen, 1985) . Sucrose is one of the major substances transported from the sources to sinks in photosynthesis (Yamaki, 1995) . The sucrose transporter SUT imports sucrose from source tissues into fruit (Yamaki, 1995) . The manner of sucrose transportation and its distribution not only help to coordinate growth and development through regulating intermediary metabolism and gene expression but also determine the yield and quality of the economically important parts of the crop. Sucrose transporters play a key role in determining the direction of source-to-sink transport.
Phylogenetic analysis of sucrose transporters demonstrated that they could be classified into the three subgroups: SUT1, SUT4, and SUT2 (Kühn, 2003) . In higher plants, members of the SUT2 subgroup are highly diversified in their biological functions. The similarities of protein sequences of sucrose transporters were higher among dicotyledonous plants than among monocotyledonous plants (Yang et al., 2006) . Among all of the SUT2 isoforms that were identified in monocots, only bSUT2 has special cytoplast domains that are similar to those found in SUT2 isoforms from dicots. Furthermore, no sucrose transportation activity has been found for dicot StSUT2 and LeSUT2, whereas AtSUT2 has been shown to have the lowest affinity for sucrose Schulze et al., 2000; Aoki et al., 2003) . It is speculated that SUT2 is a sucrose sensor on the cytoplasmic membrane , which can use sucrose signaling to regulate the expression of the SUT4 gene and as the folding and activity of the SUT4 protein Weise et al., 2000) .
Several reports have described sucrose transporters (Hackel et al., 2006; Peng, 2006) , but the isolation and characterization of SUT2 from pear has not been reported. PpSUT2 is an important gene in the plant sucrose synthesis pathway. In this study, we isolated and characterized pear SUT2 and its biological function in an attempt to understand more about the mechanisms that control sucrose accumulation in this commercially important species.
MATERIAL AND METHODS

Materials
Tissue samples were taken from various parts of pear (Pyrus pyrifolia NaKai. Cuiguan) trees, including the flower, young leaf, stem, bud, and fruit. The pear trees were grown in a germ-plasm nursery at the Horticulture Institute at Jiangsu Agricultural Academy, Nanjing. Samples of flower, young leaf, stem, and bud were collected on March 25, 2011, and the first batch of fruit samples was collected on April 10, 2011, with subsequent samples collected at 10-day intervals. The samples were frozen in liquid nitrogen and stored at -70°C until subsequent use.
Cloning of PpSUT2
Total RNA was extracted from the collected tissue samples using a cetyltrimethylammonium bromide method (Luo et al., 2001 ). Primers were designed based on the sequences available from pear transcriptome analysis to amplify cDNA from the leaf tissue. An amplicon of the expected size was cloned for analysis. The polymerase chain reaction (PCR) product was recovered, purified, and ligated into the pGEM-T easy vector (TaKaRa, Dalian, China). The ligated product was used to transform Escherichia coli DH5α competent cells, which were grown on Luria-Bertani (LB) plates containing 100 mg/mL ampicillin to select colonies for sequence analysis.
Sequence analysis
DNA sequences obtained from sequencing some selected colonies were analyzed using DNAclub for the presence of open reading frames and were aligned for sequence similarity using BioEdit (an applied Molecular Biology Software). The sequences were also searched against the DNA sequences in public GenBank using the basic local alignment search tool (BLAST) algorithm (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to identify homologs (Yang et al., 2011) . Using DNAMAN to analyze amino acid homology, a phylogenetic tree was constructed to represent the relatedness of known SUT2 sequences using Mega 5.0 (Tamura et al., 2011) . The molecular weight and theoretical isoelectric point (pI) of the protein were predicted using ProtParam (http://web.expasy.org/protparam/), its transmembrane domains were predicted using TMHMM (http://www.cbs.dtu.dk/services/TMHMM/), and its subcellular localization was predicted using PSORT (http://psort.hgc.jp/form.html).
Fluorescent quantitative reverse transcription (RT)-PCR
RNA from various parts of the plant was treated with RQ1 DNase (Promega, Beijing, China) and reverse transcribed into cDNA using oligo(dT) primers. RT-PCR was carried out using the SYBR Premix EX Taq kit purchased from TaKaRa according to manufacturer instructions. Internal references were amplified using the primers based on the pear β-actin gene with the following sequences: P1r: 5'-GAATGGTCAAGGCTGGGTT-3' and P1f: 5ꞌ-CAAAGCATCTGAGGTCA-3' (Li et al., 2010) . RT-PCR was used to quantify the expression of PpSUT2. The following thermal cycling conditions were used for PCR; 95°C for 1 min, followed by 40 cycles of 95°C for 30 s, 58°C for 20 s, and 72°C for 20 s.
Subcellular localization
Materials, reagents, and instruments
E. coli strain DH5α was obtained from the Institute of Biotechnology, Jiangsu Agri-cultural Academy, Nanjing. T4 DNA ligase and high fidelity DNA polymerase were purchased from TaKaRa, the pCXDG vector was purchased from HQ-biotech (Beijing, China), the DNA gel recovery kit was purchased from Shanghai Bo Biotechnology, and reverse transcriptase and RNA inhibitors were purchased from Promega.
Construction of pCXDG-PpSUT2 for transient expression
Primers were designed based on the sequences of pCXDG (Chen et al., 2009 ) and PpSUT2 to amplify the coding region using plasmid DNA containing the gene as template. The amplified products were recovered from the gel and ligated into the pCXDG expression vector. The ligation reaction was transformed into DH5α competent cells, and transformants were selected on LB plates containing 50 µg/mL kanamycin (Sambrook and Russell, 2001) . The orientations of the ligation were verified by PCR amplification, and the identities of positive clones were confirmed by sequencing.
Agrobacterium-mediated transformation and subcellular localization
The pCXDG-PpSUT2 recombinant vector was transformed into Agrobacterium cells (strain EHA4404) using the freeze-thaw method and selected on LB plates containing 50 µg/mL rifamycin and 50 µg/mL kanamycin (Eady et al., 2005) . The transformed colonies were further confirmed by PCR and grown in LB liquid medium containing 50 µg/mL rifamycin and 50 µg/mL kanamycin for 36 h. The primer sequences were P2r: 5'-TTACCCAAAATGAAAACCCGTTG-3' and P2f: 5'-GATGGCGGGGAGGACGGACT-3'. The bacterial cells were pelleted by spinning at 4000 rpm for 8 min and were re suspended in Agrobacterium inoculation solution (LB medium with 10 mM MgCl 2 and 100 µM acetosyringone) to an optical density at a wavelength of 600 nm (OD600) of 0.6. Onion inner epidermal tissues were dipped into the Agrobacterium inoculation solution for 20-30 min, blotted dry on sterile filter paper, and cultured on solid Murashige and Skoog medium at 26°C for 16 h. The co-cultivated tissues were washed with sterile water and placed on slides for observation using an inverted microscope (IX71-F22PH).
Construction of the prokaryotic expression vector for PpSUT2 and its induced expression
Construction of the prokaryotic expression vector
The PpSUT2 prokaryotic expression vector was constructed, and its expression products were analyzed using the following the procedure that was described previously (Tameling et al., 2002) . The primers used were P3r: 5'-ACAGAGCTCATGGCGGGGAGGACGGACT-3' and P3f: 5'-ACACTCGAGTTACCCAAAATGAAAACCCGTT-3'. The following conditions for thermal cycling were used: 94°C for 3 min; 35 cycles of 94°C for 30 s, 57°C for 40 s, and 72°C for 2 min; and 72°C for 10 min. The amplified products and the pET32(a) plasmid DNA were double-digested using the restriction enzymes XhoI and SacI, and they were gelpurified. The recovered DNA fragments were ligated using T4 DNA ligase and transformed into DH5α cells. Plasmid DNA was prepared from the resistant colonies to identify the correct recombinant vector, which was then used to transform cells of the E. coli BL21 expression strain.
Isopropyl β-d-1-thiogalactopyranoside (IPTG)-induced expression
A single colony was inoculated into LB medium containing 100 µg/mL ampicillin and grown to OD600 = 0.6 at 37°C and 200 rpm on a shaker. IPTG was added to a final concentration of 1 mM, and growth was allowed to proceed at 25°C on a shaker operated at 180 rpm. A cell line that carried empty pET32(a) without PpSUT2 was a negative control. Aliquots of the culture were taken 0, 12, 24, and 36 h after the addition of IPTG (induction), and bacterial cells in the aliquots were precipitated by centrifugation, resuspended in phosphate-buffered saline solution, and ruptured by sonication. The protein extracts were resolved by electrophoresis using 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as previously described (Baneyx, 1999; Han et al., 2002) .
RESULTS
Molecular cloning and analysis of PpSUT2
To amplify the coding sequence of the SUT2 gene from pear, DNA sequences in the pear transcriptome were searched to identify the sequences that encoded homologs of known SUT2 sucrose transporters, and then these sequences were used to design primers to amplify the pear SUT2 cDNA (Figure 1 ). The amplified product was ligated to the pGEM-T easy vector, and sequenced. The full-length cDNA (1794 bp) encoded a 597-amino acid protein that was predicted to have 11 transmembrane domains (Figure 2) . Use of the BLAST algorithm to compare the deduced amino acid sequence of the clone with sequences in GenBank revealed that the gene belongs to the GPH-sucrose proton co-transporter superfamily (Figure 3) . The gene was therefore designated as PpSUT2. Cluster analysis of PpSUT2 with SUT2 sequences of the six above-mentioned plants indicated that PpSUT2 showed the greatest similarity to the SUT2 sequences from strawberry, grape, and orange (1. Medicago truncatula; 2. Zea mays; 3. Fragaria x ananassa; 4. Zea mays(2); 5. Manihot esculenta; 6. Hordeum vulgare subsp vulgare). The amino acid sequence of the PpSUT2 transmembrane region was highly conserved among different species (Figure 4) . The phylogenetic tree analysis indicated that PpSUT2 was in the same family as maize SUT2, which is the second group in the SUT family with a highly similar function ( Figure 5 ). 
Prediction and analysis of PpSUT2 transmembrane domains
Given that transmembrane domains are the sites of protein and membrane lipid in-teractions, their prediction and analysis may provide important clues regarding the structures and functions of many plant proteins. Using the TMHMM Server v.2.0, we detected 11 transmembrane domains in PpSUT2, which was consistent with its classification as a member of the proton co-transporter superfamily (Figure 6 ). For such analyses, each amino acid residue in a protein was given a value to measure its hydrophobicity, with a value between 0 and 4.5 denoting hydrophobicity and a value between 0 and -4.5 denoting hydrophilicity. PpSUT2 has values between -2.5 and 2.5. The hydrophobicity of PpSUT2 indicates that it contains a high proportion of hydrophobic amino acids, a requirement for transmembrane domain formation (Figure 7) . 
Expression profiling of PpSUT2
The investigation of PpSUT2 expression revealed the accumulation of PpSUT2 transcripts in all pear tissues that were studied, albeit with considerable variation in spatial and temporal patterns of expression. Higher levels were detected in young leaves, buds, and immature fruits. The level of PpSUT2 transcripts in young leaves was about six times higher than in stems (Figure 8 ). During fruit development, PpSUT2 expression levels increased during the early development stage of fruit (10 days after flowering), reached a maximal level 20 days after flowering, and then decreased rapidly to a low level that was maintained until maturity ( Figure 9 ).
Characterization of the subcellular location of PpSUT2 using the transient expression vector pCXDG-PpSUT2
The prediction of subcellular localization by PSORT showed that the probabilities of its localization on the cytoplasmic membrane, chloroplastic thylakoid membrane, and mitochondrial inner membrane were 80.0, 53.2, and 37.2%, respectively. To further study the cellular location of PpSUT2, the coding sequence was fused in frame to the coding sequence for GFP in the vector pCXDG. Colonies containing putative fusion genes were grown overnight on LB plates containing kanamycin, and resistant colonies were analyzed by PCR. One of the colonies selected could produce a fragment with the expected size of 2.0 kb (Figure 10) .
The recombinant vector pCXDG-PpSUT2 was then transformed into onion epidermal tissue using Agrobacterium-mediated transformation. After overnight co-cultivation, the tissue was observed at 480 nm using a fluorescent microscope. GFP signals were clearly visible on onion cell membranes, but not in other parts of the cells, indicating that PpSUT2 was targeted to the cell membranes of onion cells (Figure 11 ). This experimental evidence is consistent with the location that was predicted using PSORT.
Prokaryotic expression of PpSUT2
The complete coding sequence of PpSUT2 was amplified from pear (P. pyrifolia NaKai. Cuiguan) cDNA using the primers P3r and P3f. After digestion with XhoI and SacI, the coding region was ligated to the E. coli expression vector pET32(a) that had been digested with the same two restriction enzymes. The resultant plasmid was analyzed by restriction enzyme mapping (Figure 12) . The expression vector was transformed into E. coli (BL21) cells along with empty vector, expression was induced by adding 1 mM IPTG, and the cells were grown in a shaker at 25°C. Aliquots of the culture were taken at different times after the induction. It was speculated that the protein might be a membrane protein and would accumulate as insoluble inclusion bodies in E. coli cells. As such, the cells were ruptured by sonication before being extracted for SDS-PAGE. The results indicated that there was a slight increase in the abundance of a protein of the predicted size (70 kDa) 12 h after induction with 1 mM IPTG, and the band intensity continued afterward (Figure 13 ). No such band was seen after electrophoresis of protein extracts from cells containing empty vector or cells containing the recombinant vector that had not been exposed to IPTG. 
DISCUSSION
Plant SUT2 proteins are believed to function as signal proteins that control the transport of sucrose across membranes Schulze et al., 2000; Reinders et al., 2005) by sensing sucrose signals that directly regulate the expression, folding, and activities of SUT1 and SUT4. This regulates the sucrose content of plant fruit Weise et al., 2000) . Given the importance of cloning SUT2 genes to better understand the regulation of sucrose synthesis, this study involved the isolation of a 1794-bp SUT2 cDNA from the pear variety Green Crown using primers based on the analysis of the pear transcriptome. Amino acid sequence analysis indicated that PpSUT2 belongs to a superfamily of sucrose-proton co-transporters.
In comparison with SUT2 sequences from a few species that, evolutionarily, are closely related to pear, PpSUT2 showed high similarity to SUT2 proteins from strawberry, grape, and Zea mays and that it has less similarity to SUT2 from cucumber. This is consistent with the phylogenetic relationships among these plants. Phylogenetic analysis indicated that PpSUT2 and corn SUT2 clustered in the same SUT subfamily , which suggests that they serve very similar functions in these species.
Analysis using qRT-PCR indicated that the PpSUT2 gene was expressed in various tissues at different levels; the highest levels of PpSUT2 transcripts were found in young leaves, and the lowest levels were found in stems. Expression in buds was six times higher than that in stems. Higher levels of PpSUT2 transcripts in young tissues and lower levels in mature tissue are consistent with previous reports of the differential expression of genes that encode plant sucrose transporters (Hackel et al., 2006) . In pear fruit, it was found that expression of PpSUT2 increased at 20 days after full blooms, and then the expression reduced gradually. Seventy days after full blooms, the expression was at its lowest level. This seems to be inversely related to the sugar content in pear fruit, with increased sugar content reducing the levels of gene expression. Studies indicated that decreases in the expression of PpSUT2 accompany the ripening of fruit and the accumulation of sugar. Meanwhile, pear fruit is known to contain higher amounts of sucrose at later developmental stages than early during fruit development (Hackel et al., 2006) . Therefore, we speculate that the PpSUT2 gene is not directly involved in sucrose transportation, and it is more likely to act as a sensor of a sucrose-related signal.
To study the cellular location of PpSUT2, we constructed a GFP-PpSUT2 fusion protein expression vector. After Agrobacterium-mediated transformation of onion cells with this construct, we observed the localization of GFP on the cell membrane, indicating that the protein might be a membrane-associated protein. This is consistent with bioinformatic predictions. Our analysis indicated that PpSUT2 encodes a membrane-bound protein and might play an important role in sucrose accumulation.
After optimizing the induction time and temperature, a protein of the expected molecular size (70 kDa) was isolated from E. coli BL21 cells carrying the fusion protein construct, but it was not isolated from the empty vector or without induction. This implies that the protein is the expected fusion protein. Amino acid sequence analysis showed that the protein has 11 transmembrane domains, indicating that the protein is a membrane protein, which typically exists in inclusion bodies when expressed in E. coli cells. A high content of hydrophobic amino acids in a hydrophobic protein is very conducive to the formation of transmembrane domains. The presence of the expressed PpSUT2 protein in inclusion bodies will likely complicate its purification. Nonetheless, the successful purification of the protein will facilitate its further characterization and permit the preparation of an antibody for use in immunohistochemical analysis, protein blot analysis, and immunoprecipitation experiments.
